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ABSTRACT: A series of well-defined poly(n-butyl acrylate)-b-polyacrylonitrile (PBA-PAN) triarm star block
copolymers have been synthesized by ATRP. The incorporation of very polar hard segment of PAN was made
possible with the aid of the halogen-exchange technique. Phase-separated morphology of cylindrical PAN domains
hexagonally arranged in the pBA matrix was observed by atomic force microscopy and small-angle X-ray scattering
in all studied materials. The mechanical and thermal properties of the PBA-PAN triarm star block copolymers
have been thoroughly characterized, and their thermoplastic elastomer behavior was studied. It was found that
these block copolymers retain a phase-separated morphology until temperatures of at least 250 °C. Furthermore,
because of chemical cross-linking of the PAN segments that takes places at around 280 °C, the triarm star PBA-
PANs preserve their elastomeric properties until temperatures of more than 300 °C.

Introduction

Thermoplastic elastomers (TPE) are an important class of
materials combining elastomeric behavior with thermoplastic
properties.1–3 Typically, these are ABA triblock copolymers
exhibiting strong phase separation in the bulk state. The hard
phase formed from the component A is dispersed in the
continuous soft rubbery matrix of component B serving as a
physical cross-linker. The polystyrene-polyisoprene-polystyrene
(SIS) and polystyrene-polybutadiene-polystyrene (SBS) tri-
block copolymers are probably the best known examples of such
thermoplastic elastomers1–3 that have been commercially used.
However, these materials contain unsaturated double bonds in
the middle segments, which make them susceptible to oxidation
and eventually reduce the lifetime of usage.4,5

Thus, continuous efforts have been devoted to change outer
and inner segments of ABA triblock copolymers6–8 or design
new types of materials bearing novel architectures and topol-
ogy,9,10 which require development of new synthetic techniques.
Traditionally, many TPE have been prepared using living ionic
polymerizations as well documented in the literature.11–20

However, these strategies require stringent conditions and are
intolerant of water, air, impurities, and a lot of functionality
and polarity. In the past decade, controlled/living radical
polymerization (CRP) has emerged as an excellent tool to
synthesize materials with controlled molar mass, narrow mo-
lecular weight distribution, and well-defined architectures and
functionalities.21–28 Atom transfer radical polymerization (ATRP)
and other CRP techniques are compatible with a wide range of
monomers including polar and nonpolar monomers such as
acrylates, methacrylates, acrylonitrile, and styrene.29–36 In the
recent years, CRP techniques have been introduced to synthesize
materials used as TPE.37–52 Using CRP techniques, it is possible
to substitute traditional unsaturated middle segment by acrylates

and hard segments by methacrylates or acrylonitrile-based block
copolymers. This would enable many benefits ranging from
flexible glass transition temperatures (-60 to 200 °C), to better
oxidation resistance, and to resistance to hydrocarbons, opening
new applications e.g. in the automotive market.

Recently, our group reported successful one-pot synthesis of
triblock copolymers poly(methyl methacrylate)-b-poly(n-butyl
acrylate)-b-poly(methyl methacrylate) (PMMA-PBA-PMMA),
fully acrylic thermoplastic elastomers, by using copper-base
catalyst and halogen exchange to achieve reasonably low
polydispersity.39 The absence of double bonds in these fully
acrylic TPEs is an important improvement in terms of light
sensitivity and oxidation stability. Jerome and co-workers also
used ATRP to synthesize PMMA-PBA-PMMA block co-
polymers in the presence of NiBr2(PPh3)2 catalyst with and
without using the halogen-exchange technique.38,53–55 While
both materials displayed typical thermoplastic elastomer proper-
ties, the maximum elongation at break and ultimate tensile
strength were relatively low. This was related to higher
polydispersity and plausible inefficient cross-propagation, since
fully acrylic TPEs synthesized by ionic polymerizations pro-
duced better mechanical properties.8,55 The issue could be also
attributed to large molecular weight between chain entangle-
ments (Me) for the middle rubbery block of PBA.16

During the past several years it was demonstrated that
thermoplastic elastomers based on star block copolymers9,56–59

may exhibit superior properties as compared to the linear ABA
triblock copolymer type TPEs. It was reported that multiarmed
polystyrene-b-polyisobutylene (PS-b-PIB) star block copolymers
have substantially better mechanical properties and much lower
sensitivity to diblock contamination than their linear triblock
counterparts.58

Herein we report the synthesis of triarm star block copolymer
thermoplastic elastomers, which comprise poly(n-butyl acrylate)-
b-polyacrylonitrile (PBA-PAN) arms. The incorporation of very
polar hard segment of PAN was possible with the aid of the
halogen-exchange ATRP technique.60,61 We have studied the
structure and the mechanical properties of the PBA-PAN star
block copolymers and found that they exhibit thermoplastic
elastomer characteristics. In that respect this is the first
comprehensive study of star copolymer TPEs prepared by CRP.

* To whom correspondence should be addressed.
† Carnegie Mellon University.
‡ Max-Planck-Institut for Polymer Research.
§ Current address: Materials Research Laboratory, University of Cali-

fornia, Santa Barbara, CA 93106.
⊥ Current address: Corning SAS, Corning European Technology Center,

77210 Avon, France.
# Deceased June 7, 2005.

2451Macromolecules 2008, 41, 2451-2458

10.1021/ma702561b CCC: $40.75  2008 American Chemical Society
Published on Web 02/23/2008



Moreover, PBA-PAN star copolymers are of particular interest
as they can be potentially used to fabricate organized nano-
structured carbon materials after thermal pyrolysis.22,37,62–65

Experimental Section

Materials. n-Butyl acrylate (BA) and acrylonitrile (AN) were
purchased from Aldrich and distilled under vacuum. Cu(I)Br and
Cu(I)Cl were obtained from Aldrich and purified according to
published procedures.15,66 4,4′-Di(5-nonyl)-2,2′-bipyridine (dNbpy)
was prepared as described elsewhere.67 N,N,N′,N′′ ,N′′ -Pentameth-
yldiethylenetriamine (PMDETA), CuCl2, 2,2′-bipyridine (bpy),
anisole, and methanol were used as received from Aldrich. 1,1,1-
Tris(4-(2-bromoisobutyryloxy)phenyl)ethane was synthesized ac-
cording to the literature.68,69

Synthesis of 3-Arm Bromo-Terminated Poly(n-butyl
acrylate) (PBA) Macroinitiator. In a typical experiment 50 mg
of 1,1,1-tris(4-(2-bromoisobutyryloxy)phenyl)ethane (0.067 mmol)
and 20.1 µL of pentamethyldiethylenetriamine (0.1 mmol) were
dissolved in 10 mL of deoxygenated butyl acrylate and 1.5 mL of
deoxygenated anisole that had been added to a 25 mL Schlenk flask.
14.3 mg of CuBr (0.1 mmol) was then added under nitrogen flow,
and then the flask was heated to 70 °C for 18 h to conduct the
polymerization. The contents of the flask were diluted with THF,
passed through a neutral alumina column, and dried under vacuum
until constant weight. By adjusting the ratio of concentrations of
monomer to initiator, five PBA macroinitiators were prepared with
Mn ) 19 800, 63 000, 87 000, 117 000, 148 800, and 210 000 and
with polydispersities Mw/Mn ) 1.13, 1.12, 1.17, 1.19, 1.17, and
1.25, respectively, according to Scheme 1.

Synthesis of 3-Arm Star PBA-b-PAN. In a typical experiment,
1 g of a 3-arm bromo-terminated poly(butyl acrylate) macroinitiator
(Mn ) 117 000 g/mol and Mw/Mn ) 1.19) and 2,2′-bipyridine were
dissolved in deoxygenated DMF/acrylonitrile (50/50 vol %) under
a nitrogen atmosphere in a 25 mL Schlenk flask. Copper chloride

was then added under nitrogen flow. The reaction was carried out
at 70 °C for 3 h. The polymer was precipitated by addition to 200
mL water/methanol mixture, washed three times with 100 mL water/
methanol, filtered, and dried until constant weight.

Preparation of Films of 3-Arm Star PBA-b-PAN Block
Copolymers. Thick films were obtained by casting of 20 wt %
star polymers in DMF on glass plate followed by removal of the
solvent at room temperature under vacuum. Free-supported films
were removed from the substrate in methanol/water mixture. Films
were then dried under vacuum until constant weight. The final film
thickness was on the order of 0.25 mm. For TMAFM measurements,
thin (<500 nm) films were obtained by spin-casting 10 mg/mL
polymer solutions in DMF onto silicon wafer substrates followed
by removal of the solvent under vacuum.

General Analysis. Size exclusion chromatography (SEC) was
conducted using DMF as the eluent (flow rate 1 mL/min, 50 °C)
with a series of three Styrogel columns (105 Å, 103 Å, 100 Å;
Polymer Standard Services) and a Waters 2410 differential refrac-
tometer. Toluene was used as the internal standard. Polystyrene
standards were employed for the SEC calibration. Elemental
analysis was performed by Midwest Microlab LLC. Differential
scanning calorimetry (DSC) measurements were performed using
a Mettler DSC 30 apparatus at a temperature variation rate of 10
°C/min for both heating and cooling runs.

Dynamic Mechanical Analyses (DMA). DMA have been
performed using a Rheometrics RMS 800 mechanical spectrometer.
Shear deformation was applied under conditions of controlled
deformation amplitude, which was kept in the range of the linear
viscoelastic response of studied samples. Plate-plate geometry was
used with plate diameters of 6 mm. Experiments have been
performed under a dry nitrogen atmosphere. Results are presented
as temperature dependencies of the storage (G′) and loss (G′′ ) shear
modulus measured at a constant deformation frequency of 10 rad/
s. The results were obtained with a 2 °C/min heating rates.

Tensile Tests. Measurements were performed using a mechanical
testing machine Instron 6000. Samples having the thickness of about
0.2 mm have been drawn with the rate of 5 mm/min at room or at
elevated temperatures. Dependencies of stress vs draw ratio were
recorded. Elastic modulus, elongation at break, and stress at break
have been determined as averages of 3–5 independent drawing
experiments performed at the same conditions.

Small-Angle X-ray Scattering (SAXS) Analyses. SAXS mea-
surements were conducted using a rotating anode (Rigaku RA-
Micro 7) X-ray beam with a pinhole collimation and a two-
dimensional detector (Bruker Highstar) with 1024 × 1024 pixels.
A double graphite monochromator for the Cu KR radiation (λ )
0.154 nm) was used. The beam diameter was about 0.8 mm, and
the sample-to-detector distance was 1.8 m. The recorded scattered
intensity distributions were integrated over the azimuthal angle and
are presented as functions of the scattering vector (s ) 2 sin(θ)/λ,
where 2θ is the scattering angle).

Tapping Mode Atomic Force Microscopy (TMAFM). TMA-
FM studies were carried out with the aid of a NanoScope III-M

Scheme 1. Synthesis of 3-Arm Star PBA-b-PAN Block Copolymers

Figure 1. GPC traces of T-PBA304-PAN109, 13 wt % PAN (- - -),
T-PBA304-PAN207, 22 wt % PAN (--), and the corresponding 3-arm
star poly(butyl acrylate) macroinitiator T-PBA304 (s).
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system (Digital Instruments, Santa Barbara, CA), equipped with a
J-type vertical engage scanner. TMAFM observations were per-
formed at room temperature in air using silicon cantilevers with
nominal spring constant of 40 N/m and nominal resonance
frequency of 300 kHz (standard silicon TESP probes).

Results and Discussion

Synthesis. Synthesis of 3-arm star PBA-PAN block copoly-
mers involved the use of halogen-exchange strategy, which
significantly improved chain-extension efficiency.61,70 An ex-
ample of evolution of GPC traces of block extension from a
poly(butyl acrylate) 3-arm star with DP 304 (117 000 g/mol)
with polyacrylonitrile segments is reported in Figure 1. A
smooth shift of the entire molecular weight distribution was
observed. Neither unreacted poly(butyl acrylate) macroinitiator
nor homopolyacrylonitrile could be observed. The compositions
of the prepared 3-arm poly(butyl acrylate)-block-polyacryloni-
trile copolymers were determined by elemental analysis and are
given in Table 1. All copolymers had low polydispersities, as
reported in Table 1.

Morphology. Because of the strong incompatibility between
the two phases, the PBA-PAN star copolymers are expected
to show very strong phase separation. In an attempt to visualize
this effect, we have performed AFM imaging on thin films
prepared by spin-casting of polymer solutions in DMF onto
silicon wafer substrates. Phase contrast imaging of AFM enables
visualization of different microdomains with the aid of pro-
nounced difference of mechanical (e.g., viscoelastic) properties
of block copolymer components. The phase shift is primarily
dictated by the amount of energy dissipated through tip–sample
interactions. Normally, viscous components induce more energy
dissipation during tip–sample interactions, yielding more phase
shift and generally appearing darker in the phase images.71,72

Rigid PAN components (therefore less energy dissipated) and
much softer PBA components (therefore more energy dissipated)
would provide sufficient elasticity difference to impart strong
contrast in the phase imaging. Typical results are shown in
Figure 2. As can be seen in the figure, the phase contrast AFM
images of the films reveal the phase-separated morphology of
3-arm star PBA-PAN block copolymers. Rigid PAN domains
(brighter features in AFM images) are dispersed in the softer
PBA matrix. The sample with lowest content of PAN (8 wt %)

shows round features, while the sample with 13 wt % PAN
displays a mixture of round and elongated (cylindrical) features.
As the round features may originate from either spheres or
standing-up cylinders, other experimental techniques (e.g.,
SAXS as described below) are needed to unambiguously
determine the film morphology. Finally, the sample with highest
PAN content (22 wt %) displayed meandering curved features,
characteristic for short-range ordered cylindrical structures or
bicontinuous structures (the latter would be less plausible since
bicontinuous structures are more likely to be suppressed in thin
films).

In order to get a better insight into the morphology of
PBA-PAN films, they were analyzed by SAXS in two different
geometries: (i) with the X-ray beam going through (T) the film
and (ii) with the X-ray beam entering the film from the side
(S), as shown in Scheme 2.

First, X-ray scattering experiments were carried out with as-
cast films, i.e., without thermal treatment. The results for the
sample with lowest content of PAN (T-PBA304-PAN63: 8 wt
% PAN) are shown in Figure 3. Unfortunately, only two
relatively well-defined scattering peaks are observed in both S
and T configurations that make the unambiguous determination
of the morphology rather difficult. The main reason for this is
the very small difference in the electron density between the
PBA and PAN components that leads to a low scattering
efficiency. The AFM study of this copolymer morphology
(Figure 2) has revealed round features that may originate either
from spheres or a cylinders perpendicular to the film surface.
A body-centered-cubic (bcc) structure typically observed for
spherical morphology should produce a series of peaks with s
ratios 1:�2:�3. Alternatively, a hexagonally packed cylinders
would produce peaks with s ratios 1:�3:�4. As marked in
Figure 3, our SAXS data reveal two scattering maxima situated
at relative positions 1s and �3s, which is consistent with the
cylindrical morphology. At the same time we cannot exclude
the existence of a weak ill-resolved peak at �2s and therefore
the spherical morphology.

As shown in Figure 4, the SAXS patterns in both T and S
geometries reveal the formation of cylindrical structures (two
scattering peaks at s and �3s) in the sample with moderate
PAN content (T-PBA304-PAN109: 13 wt % PAN). Comparison
of the T and S geometries patterns indicates formation of a

Table 1. Series of 3-Arm Star PBA-PAN Block Copolymers

sample arm composition Mn PBA 3-arm star (g/mol) Mn PBA-PAN 3-arm star (g/mol) PAN (wt %) Mw/Mn

T-PBA304-PAN63 (BA304-b-AN63)3 117000 127000 8 1.14
T-PBA304-PAN109 (BA304-b-AN109)3 117000 134300 13 1.17
T-PBA304-PAN207 (BA304-b-AN207)3 117000 149900 22 1.17
T-PBA304-PAN331 (BA304-b-AN331)3 117000 169600 31 1.11
T-PBA388-PAN115 (BA388-b-AN115)3 148800 167000 11 1.07
T-PBA388-PAN165 (BA388-b-AN165)3 148800 175000 15 1.13
T-PBA388-PAN264 (BA388-b-AN264)3 148800 190800 22 1.15
T-PBA52-PAN26 (BA52-b-AN26)3 19800 23900 17 1.22
T-PBA547-PAN153 (BA547-b-AN153)3 210000 234300 10 1.16

Scheme 2. Geometries Employed in SAXS Analysis: (Left) X-Ray Beam Is Perpendicular to the Film Surface, T Geometry; (Right)
X-ray Beam Enters the Film from the Side, S Geometry
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mixture of perpendicular and parallel to the film surface
cylinders, with domination of the former ones. These structural
arrangements agreed well with the AFM observations (Fig-
ure 2).

The SAXS spectra of the as cast films of the star block
copolymers with higher PAN content (T-PBA304-PAN207: 22
wt % PAN) showed a very shallow high-order peaks that do
not allow assigning of a specific morphology. We have therefore
studied the same film after annealing for 2 h at 150 °C. The
results are shown in Figure 5. As can be seen, the thermal
annealing has resulted in a better distinguished secondary peaks.
When the SAXS experiments were performed in T configura-
tion, the ratio of the scattering vectors of the peaks was again
1:�3, revealing a cylindrical morphology. For the experiments
performed in S configuration, scattering peaks were observed
at 1s and 2s, which may suggest the presence of lamella
morphology as well. Again, these results while not completely
conclusive are in a good agreement with the AFM data shown
in Figure 2.

We have performed similar SAXS experiments with all
PBA-PAN copolymers listed in Table 1. While most of them

revealed similar cylindrical morphologies, their different com-
positions affect the cylinders d-spacing in the microphase-
separated structures. As shown in Figure 6, the increase of PAN
block length leads to an increase in the d-spacing at the same
length of the PBA segment. We have also studied the effect of
thermal treatment on the morphology of several PBA-PAN star
copolymers and found that while the annealing does not change
the type of microstructure it leads to a better defined SAXS
patterns.

Dynamic Mechanical Properties. The dynamic mechanical
properties of the PBA-PAN star copolymers were characterized
through the temperature dependencies of the real (G′) and the
imaginary (G′′ ) parts of the complex shear modulus. Some
typical results for a series of copolymers with constant PBA
content (DP equal to 304) and varying PAN fractions are shown
in Figures 7 together with the respective DSC thermographs.
As can be seen in every case, four major transitions were

Figure 2. AFM phase images of 3-arm star PBA-PAN block copolymers: (left) T-PBA304-PAN63 (8 wt % PAN); (middle) T-PBA304-PAN109
(13 wt % PAN); and (right) T-PBA304-PAN207 (22 wt % PAN). Image size: 2 µm × 2 µm.

Figure 3. SAXS from film of star copolymers T-PBA304-PAN63 (8
wt % PAN).

Figure 4. SAXS from film of star copolymers T-PBA304-PAN109 (13
wt % PAN).

Figure 5. SAXS from film of star copolymers T-PBA304-PAN109 (22
wt % PAN).

Figure 6. SAXS spectra of 3-arm star PBA-b-PAN with constant PBA
segments length and increasing PAN length. Measurements were done
in (S) geometry.
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observed. The first two correspond to the glass transitions of
PBA (∼–50 °C) and PAN (∼105 °C). The third transition, at
temperatures around 260 °C, manifests itself by a rather sharp
drop in the storage modulus G′. Finally, at higher temperatures
(280–290 °C) an exothermal process is observed in the DSC
thermographs with intensity proportional to the content of PAN
in the material. This process is related to chemical cross-linking
of the PAN segments.

With respect to the mechanical properties, all samples were
glassy below the glass transition temperature of PBA, with
storage modulus G′ ∼ 1 GPa. Above this glass transition, the
copolymers become elastic and show a G′ plateau extending
up to the softening temperature of PAN (∼100 °C). The height

of the plateau dependents strongly on the PAN content: G′ ∼
0.1 MPa when PAN fraction <0.1 and G′ ∼ 100 MPa when
PAN fraction is 0.3. In this elastic state the PAN blocks form
the glassy domains connecting the flexible PBA blocks. This
corresponds to a typical situation for a thermoplastic elastomer
in which the hard phase elements (i.e., the glassy microdomains)
act as physical cross-links for the flexible component. Both
storage and loss moduli decrease above the Tg of PAN, but a
second plateau with lower G′ values (0.1–1 MPa) extends until
temperatures of ∼260 °C. It is well-known that the classical
SBS and SIS thermoplastic elastomer systems exhibit phase
separation that may persist beyond the upper (PS) glass transition
temperature.2 However, above a certain temperature, the phase
separation disappears and a monophase fluid is formed. This
order–disorder transition (ODT) process is observed for most
block copolymers.73–77 For example, in their extensive work
on the MAM triblock copolymer thermoplastic elas-
tomers,18,51,78,79 Jerome et al. have shown that depending on
the degree of miscibility of PMMA with poly(alkyl acrylate)s
the ODT temperature in these systems may exceed 200 °C. In
this respect the results shown in Figure 7 demonstrate that the
3-arm star PBA-b-PAN copolymers maintain their microdomain
morphology up to a very high ODT temperature of around 260
°C, i.e., ∼150 °C above the glass transition of the PAN.

At even higher temperatures the storage modulus start to
decrease again, but no flow is observed in the entire temperature
range studied, i.e., up to 330 °C. This interesting effect is most
likely related to the fourth transition shown in Figure 7, namely,
the chemical cross-linking of the PAN segments. This process
takes place at around 280–290 °C (i.e., slightly above the ODT)
and, above a certain temperature, becomes the predominant
factor that prevents the system from flowing. In the sample with
the highest PAN content T-PBA304-PAN331 (31 wt %) even
a further increase of G′ at higher temperatures is observed. In
this way the chemical cross-linking of the PAN segments results
in a conversion of the material from TPE to a chemically cross-
linked elastomer after temperature treatment. Because of this
effect, the 3-arm star PBA-PAN block copolymers retain their
elastomeric properties until temperatures of more than 300 °C.

A careful examination of Figure 7 shows that one additional
process seems to take place in the copolymer with the highest

Figure 7. Thermomechanical (2 °C/min) and DSC (10 °C/min) analysis
of 3-arm star PBA-b-PAN copolymers.

Figure 8. Stress-strain curves recorded for PBA-PAN star copolymers with varying content of PAN for same length of PBA.

Table 2. Mechanical Properties of PBA-PAN Triarm Star Block
Polymers with Various Compositionsa

sample PAN (wt %) E/MPa λbreak σbreak/MPa

T-PBA304-PAN63 8 0.37 4.23 1.27
T-PBA304-PAN109 13 0.67 4.59 4.85
T-PBA304-PAN207 22 6.58 4.19 10.0
T-PBA304-PAN331 31 71.0 3.75 15.4
T-PBA388-PAN115 11 0.57 6.0 6.8
T-PBA388-PAN165 15 1.8 4.4 6.3
T-PBA388-PAN264 22 6.8 3.82 12.7

a E ) initial tensile modulus, λbreak ) draw ratio at break, and σ ) stress
at break.
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PAN content (T-PBA304-PAN331, 31 wt %) starting at
temperature of around 200 °C. The process is characterized by
an increase in G′ and in particular in G′′ . One possible cause of
this transition may be a rearrangement in the sample morphol-
ogy, e.g., from cylindrical to a lamella or bicontinuous type of
microstructure. Such types of rearrangements are known as order
to order transitions (OOT) and have been observed in other
copolymer systems.80–82 However, further studies including
high-temperature SAXS are needed to explore this process in
greater detail.

Tensile Mechanical Properties. The tensile mechanical
properties of the PBA-PAN star copolymers were also inves-
tigated, and some typical results are shown in Figure 8. Clearly
the studied samples show a behavior typical for elastomeric
materials with elongations at break up to 500% and stress at
break up to 15 MPa.

The basic tensile mechanical characteristics of all copolymers
studied are summarized in Table 2. As expected, the composition
has a major effect on the tensile properties of the PBA-PAN
star copolymers. The data show that both the initial modulus
(E) and the tensile strength (σbreak) increase strongly with PAN
content, while the draw ratio at break seems to increase with
the length of pBA segment and be reduced with increasing PAN
content. These findings suggest an easily way for tuning the
material properties by adjusting the copolymers composition.

We should emphasize at this point that both ultimate tensile
strength and elongation at break of the PBA-PAM 3-arm star
block copolymers reported in Table 2 are significantly lower
than those of the classical SIS and SBS thermoplastic elastomers

with comparable molecular weights. While problems with the
synthesis of the PBA-PAM stars such as incomplete function-
alization or relatively high polydispersity may decrease their
tensile properties, there is also a more important fundamental
reason for this difference. As discussed by Tong and Jeromy,17

the molecular weight between chain entanglements, Me, of the
soft PBA block is much higher than those of the central
polybutadiene/polyisoprene blocks in the SBS/SIS. In this way,
since the number of chain entanglements is limited in the
PBA-PAM systems, the deformation stress is not dissipated
by the soft PBA block but directly transferred to the hard PMA
microdomains.

In order to further explore the elastomeric properties of the
PBA-PAN star copolymers, we have also studied their
performance at large deformations. Figure 9 shows typical plots
resulting from quasi-static stress–strain cycles with successively
increasing maximum strain. The copolymer composition has a
major effect on the material properties. The T-PBA304-PAN63
sample which has a low PAN content (8 wt %) exhibited nearly
ideal elastic behavior: no residual strains after unloading. When
the PAN content was increased to 13 wt %, as shown in Figure
9b, the deformations were still reversible, but the modulus was
lowered after application of each stress–strain cycle. When the
PAN content was increased to 22 wt % and further to 31 wt %,
as shown in Figure 9c,d, the effect of stretching the materials
was clearly irreversible, and the modulus was strongly reduced
after each application of stress. These samples showed elasto-
plastic behavior, i.e., large residual strains after unloading, which
is probably associated with fragmentation of the cylindrical PAN

Figure 9. Quasi-static stress–strain cycles of PBA-PAN star copolymers with different PAN content: (a) 8, (b) 13, (c) 22, and (d) 31, and (e) 11
wt %.
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domains. Sample T-PBA388-PAN115 with longer PBA arm
(388 vs 304) but a PAN content similar to T-PBA304-PAN109
(11 vs 13 wt %) behaves also in a similar way (Figure 9, e vs b).

As discussed above, the DMA/DSC experiments have shown
that number of interesting processes including chemical cross-
linking may take place in the PBA-PAN star copolymers at
high temperatures. In order to study the effect of thermal
treatment on the tensile properties of these materials, we have
performed a number of quasi-static stress–strain experiments
with the copolymer T-PBA388-PAN115. The results of these
studies are shown in Figure 10. As can be seen, annealing at
temperature of 200 °C for 30 min does not significantly change
the tensile properties of the sample. However, annealing for
only 10 min at temperature of 320 °C leads to a hardening and
significant decrease in the ultimate tensile strength of the
material. This effect can be related to the appearance of chemical
cross-links that prevent stress distribution within the entangled
chain network.2 Similar behavior was observed by Tong and
Jerome upon chemically cross-linking of the central block in
PMMA-PBA-PMMA thermoplastic elastomers.78 A further
consequence of the high-temperature cross-linking is the fact
that the T-PBA388-PAN115 sample annealed at 320 °C remains
elastic until λ ) 2 even at temperatures well above the softening
point of PAN, as illustrated in Figure 8.

Conclusions

In summary, 3-arm star PBA-PAN block copolymers with
low polydispersities were synthesized by ATRP with the aid of
halogen exchange. A series of samples with different molecular
weights and compositions were prepared. The morphology of
solution-cast films of the 3-arm star PBA-PAN block copoly-
mers was studied by tapping mode AFM and SAXS. Both
techniques revealed a phase-separated morphology of cylindrical
PAN domains hexagonally arranged in the pBA matrix. The
mechanical and thermal properties of the star blocks have been
thoroughly characterized by variety of techniques. We found
that these materials possess typical elastomeric behavior in a
broad range of service temperatures. Furthermore, their elastic
moduli can be easily tuned to the values required for specific
applications simply by adjusting the copolymer composition.
The ultimate tensile strength was also found to strongly depend
on the composition, i.e., to increase with the PAN content,
however, remaining lower than those of the traditional SIPS
thermoplastic elastomers. The 3-arm star PBA-PAN block
copolymers retain their phase-separated morphology until tem-
peratures of at least 250 °C. Because of chemical cross-linking
of the PAN segments that takes places at higher temperatures,
these materials preserve their elastomeric properties until
temperatures of more than 300 °C. In this respect the 3-arm
star PBA-PAN block copolymers have a much better thermal
stability than the PMMA-based materials, in which the PMMA
block depolymerizes at above 250 °C.
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